General catalytic asymmetric routes toward cyclopentanoid and cycloheptanoid core structures embedded in numerous natural products have been developed. The central stereoselective transformation in our divergent strategies is the enantioselective decarboxylative alkylation of seven-membered β-ketoesters to form α-quaternary vinylogous esters. Recognition of the unusual reactivity of β-hydroxyketones resulting from the addition of hydride or organometallic reagents enabled divergent access to γ-quaternary acylcyclopentenes through a ring contraction pathway or γ-quaternary cycloheptenones through a carbonyl transposition pathway. Synthetic applications of these compounds were explored through the preparation of mono-, bi-, and tricyclic derivatives that can serve as valuable intermediates for the total synthesis of complex natural products. This work complements our previous work with cyclohexanoid systems.
Introduction
The stereoselective total synthesis of polycyclic natural products depends greatly on the available tools for the efficient preparation of small and medium sized rings in enantioenriched form. i Facile means to elaborate these monocyclic intermediates to fused, bridged, and spirocyclic architectures within multiple ring systems would significantly contribute to modern synthetic methods. While many strategies have been developed for the preparation of six-membered rings and their corresponding polycyclic derivatives, approaches toward the synthesis of five-and seven-membered rings would benefit from further development.
Guided by our continuing interest in the preparation of polycyclic systems bearing allcarbon quaternary stereocenters using Pd-catalyzed asymmetric alkylation chemistry, ii,iii,iv we sought to prepare various chiral cyclic ketone building blocks for total synthesis. Our investigation of six-membered ring substrates has allowed us to achieve the total synthesis of a number of complex natural products. v Given our earlier success, we aimed to generalize our approach and gain access to natural products containing chiral cyclopentanoid and cycloheptanoid ring systems as a part of a broader synthetic strategy (Figure 1 ).
Our efforts led to the development of general strategies for the preparation of α-quaternary vinylogous esters and their conversion to γ-quaternary cycloheptenones using StorkDanheiser transformations (Figure 2) . vi During the course of this work, we observed the unusual reactivity of β-hydroxycycloheptanones and exploited a two-carbon ring contraction to provide a general synthesis of γ-quaternary acylcyclopentenes. vii With access to the isomeric five-and seven-membered enones, we prepared diverse synthetic derivatives and polycyclic systems that can potentially provide different entry points for synthetic routes toward complex natural products.
Results and discussion

β-Ketoester synthesis and Pd-catalyzed asymmetric alkylation reactions
Much of our past research on the asymmetric alkylation of cyclic ketones iia,iii,viiid and vinylogous esters vb-e,viiia-c,e focused on six-membered rings, while transformations of larger rings were less thoroughly investigated. We hoped to extend our work by exploring asymmetric alkylations of seven-membered vinylogous esters. The feasibility of various types of substrates for our asymmetric alkylation chemistry suggested that vinylogous ester 5 can be transformed into silyl enol ether, enol carbonate, or β-ketoester substrates, but we chose to prepare β-ketoesters due to their relative stability and ease of further functionalization. To access a variety of racemic α-quaternary β-ketoester substrates for Pdcatalyzed asymmetric alkylation reactions, we required multi-gram quantities of 1,3-cycloheptanedione (4). Dione 4 is commercially available, ix but we typically prepare it from cyclopentanone by the route of Ragan and co-workers to facilitate large-scale synthesis. x Treatment of 4 with i-BuOH and catalytic PPTS under Dean-Stark conditions produced vinylogous ester 5 (Scheme 1). ix Acylation of 5 with allyl cyanoformate following deprotonation with LDA enabled facile installation of the requisite allyl ester functionality. Subsequent enolate trapping with a variety of electrophiles under basic conditions provided substrates containing alkyl, alkyne, alkene, 1,3-diene, vinyl chloride, nitrile, heteroarene, aldehyde, fluoride, silyl ether, and ester functionalities in 61-88% yield over two to four steps (6a-n). With these quaternary β-ketoesters in hand, we evaluated the scope of Pdcatalyzed asymmetric alkylation reactions on seven-membered ring vinylogous ester substrates, focusing on methyl/allyl substituted 6a for our optimization efforts.
A survey of several electronically differentiated PHOX ligands iia,xi combined with Pd 2 (pmdba) 3 xii,xiii in a number of different solvents using methyl-substituted β-ketoester 6a identified the optimal parameters for this transformation (Table 1) . Initial conditions employed (S)-t-Bu-PHOX (L1, 6.25 mol %) and Pd 2 (pmdba) 3 (2.5 mol %) in THF and gave vinylogous ester 7a in 94% yield and 84% ee (entry 1). xiv Application of the same catalyst system in other ethereal solvents such as 1,4-dioxane, 2-methyl THF, TBME, and Et 2 O led to only slight improvements in the enantioselectivity of the reaction to give the desired product in up to 86% ee (entries 2-5). Switching to aromatic solvents provided modest increases in asymmetric induction, furnishing 7a in 91% yield and 88% ee in the case of toluene (entries 6-7).
We next examined the impact of other PHOX ligands (L2 and L3) in this medium. Electron deficient ligand L2 xv displayed improved enantioselectivity at the cost of higher catalyst loading and lower yield (entry 8). Structural modification of the aryl phosphine backbone was evaluated with ligand L3, but this proved to be less effective, giving reduced yield and ee (entry 9). Of the three ligands, L1 furnished the best overall results.
With optimal ligand and solvent conditions in hand, we explored asymmetric alkylation reactions of a variety of α-substituted β-ketoesters (Table 2) . Simple alkyl substitution performed well under our standard conditions (entries 1-2). A variety of aromatic and heteroaromatic functionality was well tolerated under the reaction conditions (entries 3, 9-10). Additionally, unsaturated functionality such as alkynes, alkenes, and 1,3-dienes did not suffer from competitive reaction pathways (entries 4-6). In the case of vinyl chloride 6g, no products derived from oxidative addition into the C-Cl bond were observed (entry 7). Gratifyingly, N-basic functionality such as nitriles and pyridines could be carried through the reaction without noticeable catalyst poisoning (entries 8-9). Perhaps the most intriguing result was the observation that an unprotected aldehyde could be converted to the enantioenriched product 7k in 90% yield and 80% ee, highlighting the essentially neutral character of the reaction conditions (entry 11). Tertiary fluoride products could also be obtained efficiently in 94% yield and 91% ee (entry 12). Although most substrates underwent smooth asymmetric alkylation, several substrates such as silyl ether 6m xvi and benzoate ester 6n xvii were not formed as efficiently under the reaction conditions due to unproductive side reactions (entries 13-14).
Observation of unusual reactivity of β-hydroxycycloheptanones
With an assortment of asymmetric alkylation products in hand, we next sought to perform a carbonyl transposition using methods developed by Stork and Danheiser. xviii Earlier experiments on the hydride reduction of six-membered vinylogous ester 8 with subsequent acid treatment gave enone 9 as expected (Scheme 2A). However, to our surprise, application of identical reaction conditions to the seven-membered analog (7a) gave poor yields of cycloheptenone 3a (Scheme 2B). Only minor quantities of elimination product were observed even after prolonged stirring with 10% aqueous HCl. Closer inspection of the reaction mixture revealed β-hydroxyketone 10a as the major product, suggesting that these seven-membered rings display unique and unusual reactivity compared to their sixmembered ring counterparts. xix,xx,xxi Without initial success using acidic conditions, we reasoned that β-hydroxyketone 10a could potentially provide cycloheptenone 3a under basic conditions through a β-elimination pathway (Scheme 2B). Attempts in this regard did not produce enone 3a, but instead gave isomeric enone 1a that appeared to be formed through an unexpected ring contraction pathway. xxii Notably, this transformation serves as a rare example of a two-carbon ring contraction. xx,xxiii,xxiv Upon consideration of the reaction mechanism, we believed that this process occurred through an initial deprotonation of the hydroxy moiety, followed by retro-aldol ring fragmentation to a ketoaldehyde enolate (Scheme 3). Subsequent isomerization to the more substituted enolate and aldol cyclization could lead to the observed two-carbon ring contraction product 1a. Attempts to isolate the intermediate ketoaldehyde 11a were unsuccessful, but aldehyde peaks could be observed by 1 H NMR in reactions that did not proceed to full conversion. Subsequent experiments on more substituted β-hydroxyketones enabled isolation of linear uncyclized intermediates and provided additional support for this reaction mechanism (Scheme 6).
To explore the general stability and reactivity of β-hydroxycycloheptanones, we examined simplified analogs that do not possess the α-quaternary stereocenter. (Scheme 4). Following hydride reduction, elimination to cyclohexenone 13 was observed for the six-membered vinylogous ester 12, while β-hydroxycycloheptanone 15 and volatile cycloheptenone 14 were observed for seven-membered analog 5. In the seven-membered ring case, a higher proportion of elimination product was observed when compared to the more substituted analog. A milder aqueous acid work-up may suffice to hydrolyze the isobutyl enol ether and enable isolation of the β-hydroxycycloheptanone in higher yield in this case. The ring contraction of β-hydroxycycloheptanone 15 under basic conditions proceeded smoothly to give volatile acylcyclopentene 16. These observations suggest that the unusual two-carbon ring contraction appears to be a general phenomenon related to seven-membered rings and motivated the development of the ring contraction chemistry as a general approach to obtaining chiral acylcyclopentene products.
Ring contraction strategy for preparing γ-quaternary acylcyclopentenes
Intrigued by our findings, we sought to develop a robust route to γ-quaternary acylcyclopentenes with many substitution patterns. Exploring a number of bases, additives, solvents, and temperatures for the ring contraction of β-hydroxyketone 10a provided insight into the optimal parameters for the transformation (Table 3 ). Given our early result using LiOt-Bu, we examined numerous aldol cyclization conditions with a variety of nonnucleophilic bases. We observed that several t-butoxides in t-BuOH and THF gave conversion to the desired product (1a) in good yields (entries 1-4), but noted that the rate of product formation was comparatively slower with LiOt-Bu than with NaOt-Bu or KOt-Bu. The use of various hydroxides revealed a similar trend, where NaOH and KOH generated acylcyclopentene 1a in 4 hours with improved yields over their respective t-butoxides (entries 5 and 6). The relatively sluggish reactivity of LiOH may be due to the lower solubility of this base in THF, providing 1a in low yield with the formation of various intermediates (entry 7).
To improve the yield of the reaction with LiOH as base, we investigated the effect of alcohol additives to facilitate the production of mild, organic-soluble bases under the reaction conditions to increase the efficiency of the transformation. The combination of t-BuOH and LiOH in THF increased the yield of 1a to a similar level as that observed with LiOt-Bu, although the reaction still proceeded slowly (entry 8). Application of more acidic, nonnucleophilic alcohols such as hexafluoroisopropanol (HFIP) and trifluoroethanol (TFE) demonstrated exceptional reactivity in combination with LiOH and efficiently afforded 1a in high yields (entries 9 and 10). xxv In particular, TFE enabled the production of 1a in 96% yield. Comparable results with preformed LiOCH 2 CF 3 xxvi suggest that this alkoxide is the active base under the LiOH/TFE ring contraction conditions (entry 11).
Concurrent investigation of cesium bases reinforced the importance of alcohol additives for the in situ formation of organic-soluble bases in ring contraction reactions. With CsOH•H 2 O and Cs 2 CO 3 , product formation was inefficient due to low yield or sluggish reactions (entries 12-13). The addition of TFE afforded acylcyclopentene 1a in yields comparable to those of the LiOH/TFE conditions (entry 14). Notably, ring contraction with Cs 2 CO 3 /TFE can also be performed in acetonitrile as an alternative, non-ethereal solvent with high efficiency (entry 15). xxvii While a number of bases are effective for the production of 1a in excellent yields, we selected the combination of LiOH/TFE as our standard conditions for reaction scope investigation due to the lower cost and greater availability of base. The data from our study further recognize the unique properties of these mild bases and suggest their application may be examined in a broader context. xxviii Importantly, none of the conditions surveyed for the ring contraction studies generated the β-elimination product, cycloheptenone 3a.
With the optimal base promoted conditions in hand, we investigated the scope of the ring contraction chemistry with a variety of substitution patterns xxi (Table 4) . Simple alkyl, aromatic, heteroaromatic substitution performed well under our standard conditions (Method A) in 84-95% yield (entries 1-6, 10). Additionally, vinyl chlorides, nitriles, and indoles could be incorporated into the target acylcyclopentenes in 85-92% yield (entries 7-8).
Further studies revealed that alternative aluminum hydrides such as DIBAL could be employed in the generation of the intermediate β-hydroxyketone by enabling more precise control of hydride stoichiometry. The use of these modified conditions followed by oxalic acid work-up in methanol (Method B) facilitated the preparation of pyridine-containing acylcyclopentene 1i in higher yield compared to Method A (entry 9).
While various compounds could undergo the ring contraction sequence with high efficiency, other substrates with more sensitive functionality proved to be more challenging. To this end, we investigated the use of milder reduction conditions developed by Luche xxix to further increase the reaction scope. Silyl ether substrate 7m xxx could be converted to the corresponding acylcyclopentene 1m in 86% yield using the LiAlH 4 protocol (Method A), but application of Luche reaction conditions using (Method C) enabled an improvement to 91% yield (entry 11). The same conditions provided the related silyl ether-containing acylcyclopentene 1o with a longer carbon chain in 85% yield (entry 12).
Our success in performing ring contractions with a variety of substituents at the quaternary stereocenter encouraged studies aimed at determining whether additional substitution patterns could be introduced into the acylcyclopentene products. While most substrates involved a variable group and an allyl fragment positioned on the quaternary center, we were intrigued by the possibility of performing the ring contraction chemistry with other groups. Investigation of methyl and trans-propenyl substituted vinylogous ester 7p using the standard LiOH/TFE conditions showed that the chemistry was unaffected by modification of the allyl fragment, giving product in 81% yield (entry 13). Additionally, evaluation of spirocycle 7q also proceeded without complications and afforded the desired product in 87% yield (entry 14).
Although many compounds performed well in the ring contraction sequence, certain substrates posed significant challenges. Application of DIBAL reduction with 10% aqueous HCl work-up (Method D) and ring contraction of α-benzoate ester 7n enabled access to tertiary hydroxyl acylcyclopentene 1n, but the yield was relatively low in comparison to other substrates (entry 15). Attempts to prepare the corresponding tertiary fluoride 7l were unsuccessful as no desired product was observed (entry 16). Under the reaction conditions, both vinylogous esters led to more complex reaction mixtures from unproductive side reactions in contrast to the typically high yielding transformations observed for other substrates.
To obtain more functionalized acylcyclopentene products and extend our methodology, we sought access to β-substituted acylcyclopentenes by replacing the hydride reduction step with the addition of an organometallic reagent and applying the ring contraction chemistry on the resulting tertiary β-hydroxyketones. We selected a simple system for our initial investigations and evaluated the reaction of n-butyl nucleophiles with vinylogous ester 7a.
Unfortunately, the addition of n-BuMgCl or n-BuLi afforded a complex mixture of products and proceeded slowly without reaching completion, consequently converting unreacted starting material to dione 17 upon work-up with strong acid (Scheme 5A). xxxi This low reactivity could be understood from the electron-rich and sterically-crowded nature of the carbonyl electrophile. Gratifyingly, excellent reactivity was achieved by introducing CeCl 3 to the reaction with the Grignard reagent, xxxii although a fair amount of the corresponding enone was produced in the transformation (Scheme 5B). xxxiii Nevertheless, the CeCl 3 supplemented addition furnished a significantly improved overall yield of addition products with good selectivity for β-hydroxyketone 10r.
We next examined the ring contraction sequence with β-hydroxyketone 10r (Scheme 6). Treatment of alcohol 10r with the optimized ring contraction conditions using LiOH/TFE yielded linear dione 11r without any of the β-substituted acylcyclopentene. Even though the conditions did not afford the desired product, the isolation of stable uncyclized intermediate 11r supports our proposed retro-aldol fragmentation/aldol cyclization mechanism (Scheme 3). By employing a stronger base such as KOt-Bu, both steps of the rearrangement could be achieved to give acylcyclopentene 1r. Furthermore, significantly reduced reaction times and higher yields were achieved with microwave irradiation.
With a route to form a variety of acylcyclopentenes that possess different substitution patterns, we were interested in increasing the enantiopurity of these potentially useful intermediates. Formation of the corresponding semicarbazone 18 enabled us to obtain material in 98% ee after two recrystallizations (Scheme 7A). A high yielding hydrolysis afforded enantioenriched acylcyclopentene 1a. Further functionalization of semicarbazone 18 with 4-iodobenzylamine provided crystals that allowed verification of absolute stereochemistry by X-ray crystallography. xxxiv To demonstrate the viability of our method for large scale asymmetric synthesis, we performed the asymmetric alkylation and ring contraction transformations on multi-gram scale (Scheme 7B). Gratifyingly, our route proved to be robust and reliable. Using 50 mmol of substrate (15 g), we were able to achieve a 94% yield and 88% ee of our desired asymmetric alkylation product. Notably, the increased reaction scale permitted reduced catalyst loadings (1.25 mol % Pd 2 (pmdba) 3 and 3.12 mol % (S)-t-Bu-PHOX, L1) and higher substrate concentrations (0.2 M). β-Ketoester 6a undergoes the asymmetric alkylation and ring contraction protocol to furnish the desired acylcyclopentene in 69% overall yield over the three step sequence.
Synthesis of acylcylopentene derivatives using site-selective transformations
With the ultimate goal of applying our methodology toward the total synthesis of complex natural products, we set out to probe the synthetic utility of various acylcyclopentenes prepared using our ring contraction strategy. While acylcyclopentenes 1 are chiral fragments with low molecular weights, they possess an array of useful functionality that can be exploited for synthetic applications through site-selective functionalizations (Figure 3) . Acylcyclopentenes 1 possess hard and soft electrophilic sites, a nucleophilic site, a functional group handle in the form of an allyl group, and a variable group which we can installed through asymmetric alkylation. Additionally, all of the acylcyclopentenes we have prepared bear an all-carbon quaternary stereocenter or a fully substituted tertiary center.
We aimed to perform site-selective functionalizations to demonstrate that a variety of derivatives could be prepared by recognizing the rich functionality present in acylcyclopentene 1 (Figure 3 ). Selective functionalization of site A enabled access to tertiary alcohols, oximes, and hydrazones in 74-92% yield (20) (21) (22) . Manipulation of site B through olefin methathesis reactions with methyl vinyl ketone or crotonaldehyde provided intermediate bis-enone or enone-enal systems in 90-95% yield as trans olefin isomers. Chemoselective hydrogenation with Wilkinson's catalyst reduced the less substituted and less sterically hindered olefin in these systems to form mono-enones 23 and 24 in 90-93% yield. Using the insights gathered from these manipulations, we found it was possible to perform chemoselective Heck and hydrogenation reactions to provide acylcyclopentene 25 bearing a pendant phenol in 86% yield over two steps. Through modification of site C, access to carboxylic acids, Weinreb amides, and divinyl ketones were achieved (26-28). Additionally, functionalization of site D gave rise to epoxide 29. Functionalization of this site was also demonstrated with β-substituted acylcyclopentene 1r (Scheme 6). Lastly, variations at site E were accomplished by installing the appropriate groups at an early stage during the asymmetric alkylation step (Scheme 1 and Table 2 ).
To further increase the potential of these chiral building blocks, we performed manipulations on a combination of sites to arrive at more advanced synthetic intermediates (Scheme 8).
Hydroxydiene 31 was obtained from acylcyclopentene 1a by performing a carbonyl epoxidation followed by fragmentation in 55% yield over two steps (Scheme 8A). Spirocyclic systems such as enones 32 and 34 can be obtained by performing an intramolecular Diels-Alder using 1f or a ring closing metathesis of 1g using GrubbsHoveyda 3rd generation catalyst (Scheme 8B and 8C). Additionally, phenolic indane 36 was generated in 57% yield over four steps by exploiting an intermolecular Diels-Alder reaction with DMAD (Scheme 8D). To arrive at synthetic intermediates that bear a stronger resemblance to natural products, we formed the triflate of Heck product 39 using Comins' reagent xxxv and subjected the compound to an intramolecular Heck reaction using the Herrmann-Beller's palladacycle 40 xxxvi to obtain tricycle 41 with the cis-ring fusion (Scheme 8E). This key tricycle contains all of the carbocyclic core of hamigerans C and D with correct stereochemistry at the ring fusions.
Overall, our general strategy has enabled the synthesis of valuable chiral building blocks by taking advantage of the rich functional group content embedded in acylcyclopentenes 1. Site-selective manipulations on regions A-E can produce monocyclic and polycyclic compounds with a large degree of structural variation. Our studies have provided valuable insight into the nature of these compounds and we aim to apply our knowledge of these promising synthetic intermediates in the total synthesis of complex natural products.
Carbonyl transposition approach to γ-quaternary cycloheptenones
While pleased to discover the unusual reactivity of vinylogous esters 7 that led to the synthesis of various acylcyclopentenes, we maintained our interest in preparing enantioenriched γ-quaternary cycloheptenones and began reexamining reaction parameters to this end. Initially, we identified conditions to obtain cycloheptenone 3a in two steps by activation and elimination of the hydroxy group at elevated temperatures, but ultimately desired a more direct route from vinylogous ester 7a (Scheme 9A). After considerable experimentation, we discovered fortuitously that reduction and elimination using Luche conditions effectively furnished enone 3a with minimal β-hydroxyketone 10a (Scheme 9B). A number of factors may contribute to the reversed product distribution, with methanol likely playing a large role. xxxvii With an effective route to enone 3a, we also sought to prepare β-substituted cycloheptenones through the addition of organometallic reagents.
We again investigated the addition of n-BuMgCl to vinylogous ester 7a with CeCl 3 additive, focusing on the impact of various quenching parameters. While our previous studies showed that the formation of β-hydroxyketone 10r was favored over cycloheptenone 3r (Scheme 10, and Scheme 11, path a vs. path b), we reasoned that elevated temperatures would promote dehydration of β-hydroxyketone 10 to form cycloheptenone 3 as the major product and simplify the product mixture (Scheme 11, path c). Subsequent heating of the reaction to 60°C after acid quench led to complete consumption of β-hydroxyketone (Scheme 10). However, the desired cycloheptenone 3r was isolated as a minor product along with the non-conjugated enone 42 in 76% yield as a single olefin isomer. The prevalence of nonconjugated enone 42 again emphasizes the unusual reactivity of these seven-membered ring systems. To revise our approach, we extensively screened mild acidic work-up conditions to minimize the formation of side products such as isomer 42. We ultimately discovered that a sodium phosphate buffer quench followed by treatment of the crude enol ether xxxviii with dilute HCl in acetonitrile exclusively afforded desired cycloheptenone 3r (Scheme 10). Gratifyingly, a number of sp 3 -hybridized carbon nucleophiles can be employed under these conditions, permitting the preparation of allyl, xxxix homoallyl, and pentenyl substituted cycloheptenones (Table 5 , entries 1-6, Method F).
We then turned our attention to sp-and sp 2 -hybridized carbon nucleophiles as part of our goal to prepare variably substituted cycloheptenones. Attempts to apply the buffer and dilute acid quenching parameters provided poor selectivity and often led to complex mixtures of products. A thorough evaluation of work-up conditions revealed that the desired unsaturated β-substituted cycloheptenones could be obtained by quenching the reactions with concentrated strong acid followed by stirring at elevated temperatures. Although investigated for sp 3 -hybridized carbon nucleophiles, the strong acid work-up conditions are more suitable for these reactions because the only possible elimination pathway leads to conjugated enone 3. In this manner, the initial mixture of enone and β-hydroxyketone could be funneled to the desired product (Scheme 11, path b and c). By employing a HCl (Method G) or H 2 SO 4 quench (Method H), the synthesis of vinyl, xl alkynyl, xli aryl, and heteroaryl substituted enones was achieved in moderate to excellent yield (Table 5 , entries 7-11). Particularly noteworthy was entry 9, where addition of an ortho-substituted Grignard reagent produced sterically congested cycloheptenone 3z. xlii These results demonstrate that application of the appropriate quenching parameters based on the type of carbon nucleophile employed is required for successful carbonyl transposition to β-substituted γ-quaternary cycloheptenones (Scheme 12). For sp 3 -hybridized carbon nucleophiles, reaction work-up with buffer and dilute acid maximizes enone yield and minimizes formation of non-conjugated enone isomers. In contrast, reactions using sp-and sp 2 -hybridized carbon nucleophiles require strong acidic work-up with heating for best results. Careful application of these general protocols provides access to diverse β-substituted γ-quaternary cycloheptenones.
Synthesis of cycloheptenone derivatives using transition-metal catalyzed cyclizations
Having produced a variety of cycloheptenones, we next turned our attention to the preparation of a series of bi-and tricyclic structures that would be valuable for total synthesis applications. The incorporation of alkene functionality at the β-position allowed rapid access to a series of [7-n] fused ring systems through ring closing metathesis with the γ-allyl fragment (Table 6 ). This transformation enables the formation of disubstituted bicycles (43x, 43s, 43u, and 43w) from terminal alkenes in excellent yields (entries 1, 3, 5, and 8). Trisubstituted bicycles (43y, 43t, and 43v) are also accessible through enyne ringforming metathesis (entry 2) and ring closing metathesis with 1,1-disubstituted alkene β-substituents (entries 4 and 6). Additionally, both atropisomers of cycloheptenone 3z converge to the [7-7-6] tricyclic enone (43z) under the reaction conditions (entry 7).
With two bicyclic structures in hand, we next investigated the preparation of other such bicycles with variable olefin positions. Addition of 3-butenylmagnesium bromide to trans-propenyl vinylogous ester 7p followed by ring closing metathesis furnished bicycle 44 with the alkene adjacent to the quaternary stereocenter (Scheme 13A). Following the precedent of Fuchs, xliii we envisioned accessing bicycle 46 through a base-mediated migration from enone 43s. However, treatment of skipped diene 43s with an amine base at ambient temperature unexpectedly afforded diene 45 instead (Scheme 13B). In the end, the alkene could be migrated in the desired direction to generate diene 46 by running the reaction in the presence of microwave irradiation. Overall, these methods allow for the preparation of bicycles with variable olefin substitution.
Recognition of the proximal enyne functionality of cycloheptenone 3y prompted an investigation of a Pauson-Khand reaction to form more complex ring systems. Treatment of enone 3y with dicobalt octacarbonyl in the presence of dimethylsulfoxide xliv generated the [7-5-5] tricycle in a 3:1 diastereomeric ratio of 47a to 47b (Scheme 13C). Overall, our organometallic addition and elimination strategy combined with the appropriate work-up conditions facilitated the preparation of numerous bi-and tricyclic systems with a wide array of substitution patterns that may prove useful in the context of natural product synthesis.
Unified strategy for the synthesis of complex polycyclic natural products
Our divergent approaches to the synthesis of acylcyclopentenes 1 and cycloheptenones 3 from enantioenriched vinylogous esters 7 have provided the foundation for the preparation of complex polycyclic molecules based on cyclopentanoid and cycloheptanoid core structures (Figure 4 ). Both [5] [6] and [5-6-7] fused polycyclic structures could be obtained from acylcyclopentenes. Synthetic elaboration of cycloheptenones provided access to , , , [7] [8] , [7-7-6] , and [7-5-5] fused structures. Additionally, , [5] [6] , and [7-6] spirocyclic structures could be obtained using our synthetic approaches. These examples significantly add to the collection of polycyclic architectures accessible by elaboration of chiral six-membered ring carbocycles or heterocycles 2. We have applied previously developed methodology toward a number of polycyclic cyclohexanoid natural products ( Figure 4 ) and similarly plan to exploit the ring contraction and ketone transposition methodology in future efforts toward cyclopentanoid and cycloheptanoid natural products. v The work presented in this report will provide the foundation for future efforts and enable a broader synthetic approach to synthetic targets.
Conclusion
We have successfully developed general, enantioselective synthetic routes toward γ-quaternary acylcyclopentenes and γ-quaternary cycloheptenones. The key stereoselective component unifying this chemistry is the Pd-catalyzed asymmetric alkylation of sevenmembered vinylogous ester substrates to form α-quaternary vinylogous esters, for which we have demonstrated a broad substrate scope with a variety of all-carbon and heteroatomcontaining functionality. These enantioenriched products were transformed in a divergent manner to either facilitate a two-carbon ring contraction to acylcyclopentenes or a carbonyl transposition to cycloheptenones. Further synthetic elaboration of these products has enabled access to five-and seven-membered ring systems that are poised for further functionalization to bi-and tricyclic ring systems. Overall, the described strategies provide broader access to polycyclic ring systems and thus complement our previous work with sixmembered ring building blocks. Efforts to expand the scope of these reactions, understand the key reaction mechanisms, and apply the chiral products to the total synthesis of natural products are the subject of future studies.
Experimental
General
Unless otherwise stated, reactions were performed in flame-dried glassware under an argon or nitrogen atmosphere using dry, deoxygenated solvents. Reaction progress was monitored by thin-layer chromatography (TLC). TLC was performed using E. Merck silica gel 60 F254 precoated glass plates (0.25 mm) and visualized by UV fluorescence quenching, panisaldehyde, or KMnO 4 staining. SiliaFlash P60 Academic Silica gel (particle size 0.040-0.063 mm) or ICN silica gel (particle size 0.032-0.0653 mm) was used for flash column chromatography. 1 H NMR spectra were recorded on a Varian Mercury 300 MHz, a Varian 400 MR 400 MHz, or a Varian Inova 500 MHz spectrometer and are reported relative to residual CHCl 3 (δ 7.26 ppm). 13 C NMR spectra are recorded on a Varian Mercury 300 MHz, a Varian 400 MR 400 MHz, or a Varian Inova 500 MHz spectrometer (at 75 MHz, 100 MHz, and 125 MHz respectively) and are reported relative to CDCl 3 (δ 77.16 ppm). 19 F spectra were recorded on a Varian Mercury 300 MHz or a Varian Inova 500 MHz spectrometer (at 282 MHz and 470 MHz respectively) and are reported without the use of a reference peak. IR spectra were obtained using a Perkin Elmer Paragon 1000 or Perkin Elmer Spectrum BXII spectrometer using thin films deposited on NaCl plates and reported in frequency of absorption (cm -1 ). Optical rotations were measured with a Jasco P-1010 or Jasco P-2000 polarimeter operating on the sodium D-line (589 nm) using a 100 mm pathlength cell and are reported as: [α] D T (concentration in g/100 mL, solvent, ee). Analytical chiral HPLC was performed with an Agilent 1100 Series HPLC utilizing a Chiralcel AD or OD-H column (4.6 mm × 25 cm) obtained from Daicel Chemical Industries Ltd. with visualization at 254 nm. Analytical chiral SFC was performed with a Mettler Toledo SFC supercritical CO 2 analytical chromatography system with a Chiralcel AD-H column (4.6 mm × 25 cm) with visualization at 254 nm/210 nm. Analytical chiral GC was performed with an Agilent 6850 GC utilizing a G-TA (30 m × 0.25 mm) column (1.0 mL/min carrier gas flow). High-resolution mass spectra (HRMS) were obtained from the Caltech Mass Spectral Facility (EI+ or FAB+) or on an Agilent 6200 Series TOF with an Agilent G1978A Multimode source in electrospray ionization (ESI+), atmospheric pressure chemical ionization (APCI+), or mixed ionization mode (MM: ESI-APCI+).
Procedures for the synthesis of enantioenriched vinylogous esters 7 using enantioselective decarboxylative alkylation reactions
Vinylogous Ester 7a-
Pd 2 (pmdba) 3 (5.0 mg, 4.5 μmol, 2.5 mol %) and (S)-t-Bu-PHOX (4.4 mg, 11 μmol, 6.25 mol %) were placed in a 1 dram vial. The flask was evacuated/backfilled with N 2 (3 cycles, 10 min evacuation per cycle). Toluene (1.3 mL, sparged with N 2 for 1 h immediately before use) was added and the black suspension was immersed in an oil bath preheated to 30 °C. After 30 min of stirring, β-ketoester 6a (50.7 mg, 0.181 mmol, 1.00 equiv) was added as a solution in toluene (0.5 mL, sparged with N 2 immediately before use) using positive pressure cannulation. The dark orange catalyst solution turned olive green immediately upon addition of β-ketoester 6a. The reaction was stirred at 30 °C for 21 h, allowed to cool to ambient temperature, filtered through a silica gel plug (2 × 2 cm, Et 2 O), and concentrated under reduced pressure. The crude oil was purified by preparative TLC (SiO 2 , 4:1 Hexanes:EtOAc) to afford vinylogous ester 7a (38.8 mg, 0.164 mmol, 91% yield, 88% ee) as a pale yellow oil; R f = 0.31 (3:1 Hexanes:Et 2 O); 1 H NMR (500 MHz, CDCl 3 ) δ 5.72 (dddd, J = 16.6, 10.5, 7.3, 7. 3 Hz, 1H), 5.31 (s, 1H), 5.05-5.00 (m, 2H), 3.50 (dd, J = 9.3, 6.6 Hz, 1H), 3.47 (dd, J = 9.3, 6.6 Hz, 1H), 2.53-2.42 (m, 2H), 2.38 (dd, J = 13.7, 7.1 Hz, 1H), 2.20 (dd, J = 13.7, 7.8 Hz, 1H), 1.98 (app sept, J = 6.6 Hz, 1H), 1.86-1.70 (m, 3H), 1.62-1.56 (m, 1H), 1.14 (s, 3H), 0.95 (d, J = 6.6 Hz, 6H); 13 C NMR (125 MHz, CDCl 3 ) δ 206. 7, 171.3, 134.6, 117.9, 105.0, 74.5, 51.5, 45.4, 36.1, 35.2, 28.0, 25.2, 19.9, 19.3, 19.3; IR (Neat Film NaCl) 2960 , 2933 , 2873 , 1614 , 1470 , 1387 , 1192 , 1171 
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General Method A: Lithium Aluminum Hydride Reduction / 10% Aq HCl Hydrolysis-
A 500 mL round-bottom flask with magnetic stir bar was charged with Et 2 O (150 mL) and cooled to 0 °C in an ice/water bath. LiAlH 4 (806 mg, 21.2 mmol, 0.55 equiv) was added in one portion. After 10 min, a solution of vinylogous ester 7a (9.13 g, 38.6 mmol, 1.00 equiv) in Et 2 O (43 mL) was added dropwise using positive pressure cannulation. The grey suspension was stirred for 40 min and additional LiAlH 4 (148 mg, 3.9 mmol, 0.10 equiv) was added in one portion. After an additional 30 min of stirring at 0 °C, the reaction was quenched by slow addition of aqueous HCl (110 mL, 10% w/w). The resulting biphasic system was allowed to warm to ambient temperature and stirred vigorously for 8.5 h. The phases were separated and the aqueous phase was extracted with Et 2 O (3 × 100 mL). The combined organic phases were dried over Na 2 SO 4 , filtered, and concentrated under reduced pressure. The crude product was azeotroped with toluene (3 × 20 mL) and purified using flash column chromatography (SiO 2 , 5 × 15 cm, 9:1→3:1 Hexanes:EtOAc, dry-loaded using Celite) to afford β-hydroxyketone 10a (6.09 g, 33.41 mmol, 87% yield, 1.3:1 dr) as a colorless semi-solid and cycloheptenone 3a (387 mg, 6% yield) as a colorless oil.
Cycloheptenone 3a-
R f = 0.54 (7:3 Hexanes:EtOAc); 1 H NMR (500 MHz, CDCl 3 ) δ 6.04 (dd, J = 12.9, 0.7 Hz, 1H), 5.82 (d, J = 12.9 Hz, 1H), 5.75 (dddd, J = 17.1, 10.3, 7.8, 7 .1 Hz, 1H), 5.10 (dddd, J = 10.3, 1.2, 1.2, 1.2 Hz, 1H), 5.08-5.03 (m, 1H), 2.65-2.52 (m, 2H), 2.19 (app dd, J = 13.7, 6.8 Hz, 1H), 2.11 (app dd, J = 13.7, 8.1 Hz, 1H), 1.84-1.76 (m, 3H), 1.68-1.63 (m, 1H), 1.10 (s, 3H); 13 C NMR (75 MHz, CDCl 3 ) δ 204. 7, 152.5, 133.8, 128.6. 118.6, 47.2, 45.1, 42.7, 38.2, 27.1, 18.4; IR (Neat Film NaCl) 3076, 3011, 2962 , 2934 , 2870 , 1659 , 1454 , 1402 , 1373 , 1349 , 1335 , 1278 , 1208 , 1172 
β-Hydroxyketone 10a-
R f = 0.23 (7:3 Hexanes:EtOAc); 1 H NMR (500 MHz, CDCl 3 ) δ major epimer: 5.88 (dddd, J = 15.1, 9.0, 7.6, 7.6 Hz, 1H), 5.12-5.08 (m, 2H), 3.70 (dd, J = 4.9, 3.9 Hz, 1H), 2.86 (dd, J = 15.6, 1.7 Hz, 1H), 2.65 (dd, J = 15.6, 7.3 Hz, 1H), 2.54-2.43 (m, 2H), 2.24 (dd, J = 13.7, 7.8 Hz, 1H), 2.07 (dd, J = 13.4, 7.3 Hz, 1H), 1.99 (dd, J = 15.9, 4.4 Hz, 1H), 1.82-1.69 (m, 2H), 1.45-1.41 (m, 1H), 0.96 (s, 3H); minor epimer: 5.83 (dddd, J = 14.9, 10.3, 7.6, 7.6 Hz, 1H), 5.12-5.06 (m, 2H), 3.68 (dd, J = 4.1, 2.4 Hz, 1H) 2.80 (dd, J = 15.4, 2.4 Hz, 1H), 2.74 (dd, J = 15.4, 8.1 Hz 1H), 2.46-2.38 (m, 2H), 2.18 (dd, J = 13.9, 7.3 Hz, 1H), 2.09 (dd, J = 12.9, 7.8 Hz, 1H), 1.82-1.65 (m, 3H) 1.50-1.47 (m, 1H), 1.02 (s, 3H); 13 C NMR (75 MHz, CDCl 3 ) δ major epimer: 213.2, 135.0, 118.1, 72.9, 46.7, 44.9, 44.2, 41.0, 36.3, 21.9, 18.9; minor epimer: 212.6, 134.2, 118.3, 73.3, 47.2, 42.8, 41.0, 35.9, 22.6, 18.7; IR (Neat Film NaCl) 3436, 3074, 2932 , 1692 , 1638 , 1443 , 1403 , 1380 , 1352 , 1318 , 1246 , 1168 , 1106 , 1069 
General Method E: β-Hydroxyketone Ring Contraction-
Alcohol 10a (6.09 g, 33.4 mmol, 1.00 equiv) was dissolved in THF (334 mL) in a 500 mL round-bottom flask. The solution was treated with 2,2,2-trifluoroethanol (3.67 mL, 50.1 mmol, 1.50 equiv) and anhydrous LiOH (1.20 g, 50.1 mmol, 1.50 equiv). The flask was fitted with a condenser, purged with N 2 , and heated to 60 °C using an oil bath. After 18 h of stirring, the suspension was allowed to cool to ambient temperature, diluted with Et 2 O (150 mL), dried over Na 2 SO 4 (30 min of stirring), filtered, and concentrated carefully under reduced pressure, allowing for a film of ice to form on the outside of the flask. The crude product was purified using flash column chromatography (SiO 2 , 5 × 15 cm, 15:1 Hexanes:Et 2 O) to afford acylcyclopentene 1a (5.29 g, 32.2 mmol, 96% yield) as a colorless fragrant oil; R f = 0.67 (8:2 Hexanes:EtOAc); 1 H NMR (500 MHz, CDCl 3 ) δ 6.45 (app t, J = 1.7 Hz, 1H), 5.76 (dddd, J = 16.4, 10.7, 7.3, 7. 3 Hz, 1H), 5.07-5.03 (m, 2H), 2.59-2.48 (m, 2H), 2.30 (s, 3H), 2.21-2.14 (m, 2H), 1.85 (ddd, J = 12.9, 8.3, 6 .3 Hz, 1H), 1.64 (ddd, J = 12.9, 8.5, 6.1 Hz, 1H), 1.11 (s, 3H); 13 C NMR (125 MHz, CDCl 3 ) δ 197. 5, 151.9, 143.8, 134.9, 117.8, 50.0, 45.3, 36.0, 29.7, 26.8, 25.6; IR (Neat Film NaCl) 3077, 2956 , 2863 , 1668 , 1635 , 1616 , 1454 , 1435 , 1372 , 1366 , 1309 , 1265 , 1213 , 1177 (c 0.955, CHCl 3 , 88.0% ee); GC conditions: 80 °C isothermal, GTA column, t R (min): major = 54.7, minor = 60.2.
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4.4.1. General Method F: Grignard Addition / Na 3 PO 4 Buffer Quench / Dilute HCl Workup-A 100 mL round-bottom flask equipped with a magnetic stir bar was cycled into a glove box. The flask was loaded with anhydrous cerium chloride (616.2 mg, 2.50 mmol, 2.50 equiv), fitted with a septum, removed from the glove box, and connected to an argon-filled Schlenk manifold. A portion of THF (13 mL) was added, rinsing the cerium chloride to the bottom of the flask. As the resulting thick white slurry was stirred, a solution of pent-4-enylmagnesium bromide (8.6 mL, 0.35 M in THF, 3.01 mmol, 3.01 equiv) was added and the mixture turned grey. After 30 min of stirring, vinylogous ester 7a (236.3 mg, 1.00 mmol, 1.00 equiv) was cannula-transferred to the slurry from a flame-dried 10 mL conical flask using several THF rinses (3 × 4 mL; total THF added = 25 mL, 0.04 M). TLC analysis indicated that no starting material remained after 5 min. After an additional 10 min of stirring, the reaction was quenched with pH 6.5 Na 3 PO 4 buffer (20 mL). A thick grey emulsion formed. The mixture was transferred to a separatory funnel where the aqueous phase was extracted four times with Et 2 O. The combined organic (150 mL) were dried over MgSO 4 , filtered, and concentrated under reduced pressure. The crude oil was transferred to a 20 mL scintillation vial and concentrated under reduced pressure. A stir bar, CH 3 CN (2.0 mL), and aqueous HCl (2.0 mL, 6 mM) were added to the vial. The resulting cloudy solution was stirred vigorously for 30 min before being transferred to a separatory funnel where the aqueous phase was extracted four times with Et 2 O. The combined organics (75 mL) were dried over MgSO 4 , filtered, and concentrated under reduced pressure. The crude oil was purified by flash chromatography (SiO 2 , 3 × 30 cm, 100% Hexanes→1%→2%→5% EtOAc in Hexanes) to afford cycloheptenone 3w (214.2 mg, 0.92 mmol, 92% yield) as a clear colorless oil; R f = 0.65 (30% EtOAc in Hexanes); 1 H NMR (500 MHz, CDCl 3 ) δ 5.88 (s, 1H), 5.79 (dddd, J = 16.9, 10.2, 6.7, 6.7 Hz, 1H), 1H), 4H) 3, 162.6, 138.2, 134.1, 128.8, 118.2, 115.3, 45.7, 45.2, 44.3, 38.7, 33.8, 33.5, 29.3, 25.7, 17.6; IR (Neat Film NaCl) 3076, 2975 , 2937 , 2870 , 1652 , 1611 , 1456 , 1415 , 1380 , 1343 , 1257 , 1218 , 1179 , 1110 , 1071 A 100 mL round-bottom flask equipped with a magnetic stir bar, fitted with a water condenser, and connected to a Schlenk manifold (through the condenser) was flame-dried three times, backfilling with argon after each drying cycle. Once cool, the flask was loaded with neat cycloheptenone 3w (50.0 mg, 0.22 mmol, 1.00 equiv) and backfilled with argon twice. Benzene (1 h argon sparge before use, 43 mL, 0.005 M) was added to the flask, followed by Grubbs-Hoveyda 2nd Generation catalyst (6.7 mg, 0.011 mmol, 5 mol %). The solution color turned pale green with addition of catalyst. The flask was lowered into a preheated oil bath (50 °C). The reaction was removed from the oil bath after 30 min, cooled to room temperature (23 °C), and quenched with ethyl vinyl ether (1 mL). 2, 165.6, 132.2, 131.9, 128.5, 49.0, 44.2, 39.8, 39.5, 35.5, 31.1, 27.0, 26.5, 17.8; IR (Neat Film NaCl) 3018, 2928 , 2859 , 1645 , 1608 , 1468 , 1448 , 1411 , 1380 , 1343 , 1327 , 1279 , 1253 , 1214 , 1178 , 1131 , 1102 , 1088 , 1051 , 1015 Table 4 . xxxviii. Attempts to purify the crude enol ether were challenging due to decomposition to enone 3r and β-hydroxyketone 10r. xxxix. The yield of cycloheptenone 3s is lower than many related enones due to the formation of several side products presumed to be non-conjugated alkene isomers.
xl. Synthesis of the simple β-vinyl substituted enone proved challenging due to the formation of a complex product mixture. xli. Quenching the alkynyl nucleophile addition with hydrochloric acid provided a complex mixture of products, most notably one with an equivalent of HCl added into the molecule. This issue was resolved by instead using sulfuric acid. xlii. Cycloheptenone 3aa is formed as a 1 Application of cyclopentanoid, cyclohexanoid, and cycloheptanoid cores toward stereoselective natural product total synthesis. General access to enantioenriched cyclopentanoid and cycloheptanoid cores.
Scheme 12.
Different work-up conditions for carbonyl transposition reactions employing sp 3 vs. sp/sp 2 carbon nucleophiles. Representative fused and spirocyclic structures accessible by Pd-catalyzed asymmetric alkylation and successful application to natural product synthesis. d Increased catalyst loadings were required to achieve full conversion: Pd 2 (pmdba) 3 (5 mol %), L2 (12.5 mol %).
e THF = tetrahydrofuran, TBME = tert-butyl methyl ether, 2-methyl THF = 2-methyl tetrahydrofuran.
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Table 2
Scope of the Pd-catalyzed enantioselective alkylation of cyclic vinylogous esters. Ring contraction reaction optimization. b GC yield using an internal standard at ≥ 98% conversion unless otherwise stated.
c HFIP = 1,1,1,3,3,3-hexafluoro-2-propanol; TFE = 2,2,2-trifluoroethanol. Scope of organometallic addition/elimination. Formation of bi-and tricyclic systems through ring closing metathesis. 
